The successful isolation of cyclo-C18 in experiment means the ground-breaking epoch of carbon rings. Herein, we studied the thermodynamic stabilities of cyclo-Cn (4 ≤ n ≤ 34) with density functional theory. When n = 4N + 2 (N is integer), cyclo-Cn (10 ≤ n ≤ 34) were thermodynamically stable. Especially, cyclo-C10 and cyclo-C14 were thermodynamically, kinetically, dynamically, and optically preferred to cyclo-C18, and were the candidates of zero-dimension carbon rings. The carbon atoms were sp hybridization in cyclo-C10, cyclo-C14 and cyclo-C18. Cyclo-C14 and cyclo-C18 had alternating abnormal single and triple bonds, but cyclo-C10 had equal bonds.
Results and Discussion
The prior stabilities of cyclo-Cn (n = 10 and 14) to acknowledged cyclo-C18
The optimization results of cyclo-Cn (4 ≤ n ≤ 34) with different spin multiplicity on the M062X/6-311G(d, p) level are shown in Table S1 . As shown in Table S1 , cyclo-Cn (13 ≤ n ≤ 34) with odd carbon atoms have triplet ground states, and the other cyclo-Cn (4 ≤ n ≤ 34) have singlet ground states. The singlet cyclo-Cn (n = 5, 7, and 9)
were non-plane. The cyclo-C11 had singlet ground state instead of triplet because the relative small ring had well delocalized electrons and close annulene. The spin density maps of triplet cyclo-Cn (n = 2m + 1, m = 6-16) are shown in Figure S2 . It is clear that triplet cyclo-Cn (n = 2m + 1, m = 6-16) consist of annulene and alkynyl. The spin electrons almost localize in annulene part. The cyclo-Cn (4 ≤ n ≤ 34) with triplet ground state are not stable because of their radical characters. [40, 41] Therefore we did not consider much on these cyclo-Cn (4 ≤ n ≤ 34) with triplet ground states.
The thermodynamic stabilities of cyclo-Cn (4 ≤ n ≤ 34) were explored with the energy per carbon atom in the optimal cyclo-Cn (4 ≤ n ≤ 34) with ground states. This method has been confirmed in exploring the thermodynamic stability of another allotrope of carbon, fullerenes, and is also carried out to clarify the reason why C60 and C70 possess the largest yield among fullerenes. [42, 43] As shown in Figure 1a , each carbon atom in cyclo-Cn (10 ≤ n = 4N + 2 ≤ 34, N is integer) possesses lower energies than it in their adjacent rings, meaning that cyclo-Cn (10 ≤ n = 4N + 2 ≤ 34) were thermodynamically stable molecules. With the increasing n, the energies per carbon atoms of cyclo-Cn (4 ≤ n ≤ 34) converged to a constant. Cyclo-C10 and cyclo-C14 had lower energies per carbon atoms than their respective adjacent homologue. The gaps between energies per carbon atom of cyclo-C10 and cyclo-C14 and their homologues were larger than that of cyclo-C18. Thus, the cyclo-C10 and cyclo-C14 were more thermodynamically stable than cyclo-C18. These findings suggested that the thermodynamically stable cyclo-Cn (10 ≤ n ≤ 34) followed the n = 4N + 2 rule.
Within the validity of Koopmans' theorem, the energy of highest occupied molecular orbital (HOMO) is the negative ionization potential. [44, 45] The lower energy of HOMO is, the more difficult ionization is for molecules. As shown in Figure 1b , when n = 4N + 2, the cyclo-Cn (4 ≤ n ≤ 34) with singlet ground states possess lower HOMO energies than their adjacent molecules. Especially, the cyclo-C10 and cyclo-C14 have lower HOMO level than cyclo-C18. In addition, the energies of the lowest unoccupied molecular orbitals (LUMOs) of the cyclo-C10 and cyclo-C14 are higher than that of cyclo-C18 LUMO. Higher LUMO energy means that it is more difficult to obtain electrons for neutral molecules. Based on the above discussions on HOMOs and LUMOs, the cyclo-C10 and cyclo-C14 are more chemically inert than cyclo-C18.
Meanwhile, the HOMO-LUMO gaps for singlet cyclo-Cn (4 ≤ n ≤ 34) also followed the 4N + 2 rule. When n = 4N + 2 for cyclo-Cn (4 ≤ n ≤ 34), it is clear that the HOMO-LUMO gaps ( Figure 1c ) decrease with the increasing number of carbon atoms and eventually converge to a constant. Especially, cyclo-C10 and cyclo-C14 possess much larger HOMO-LUMO gaps, and Figure 2 shows their HOMOs and LUMOs. In the viewpoint of optical polarizability, a small HOMO-LUMO gap means small excitation energies to manifold of excited states. [46] The much larger HOMO-LUMO gap for cyclo-C10 can be explained with the distributions of its HOMO, which is different from the HOMOs of cyclo-C14 and cyclo-C18. In fact, the geometry of cyclo-C10 was non-alternation ring distinguished from alternating bonds in cyclo-C14 and cyclo-C18. This similar result, the cumulenic molecule with larger HOMO-LUMO gap than acetylenic molecules, also occurs in the linear Cn clusters. [47, 48] In a conclusion, cyclo-C10 and cyclo-C14 were more inert to the illumination than cyclo-C18.
In order to further compare the stabilities of cyclo-Cn ( n = 10, 14, and 18), we considered the dynamic stability that the stabilities of molecules are evaluated via the amplitude of energies, bond lengths or bond angles with the changing time. [49] Here, we considered the amplitude of energies at different time scale as the function of stability. As shown in Figure 3 , the dynamic study shows that the energy differences between the maximum energy and the minimum one are 0.99, 1.18, and 1.47 a.u. for cyclo-Cn (n = 10, 14, and 18) after 0.5 ps, respectively. Thus, the dynamic stabilities of cyclo-Cn (n = 10 and 14) are superior to the acknowledged cyclo-C18. In another word, the geometries of cyclo-Cn (n = 10 and 14) were more difficult to deviate from their optimal geometries than cyclo-C18. In conclusion, the thermodynamic stabilities for cyclo-Cn (4 ≤ n ≤ 34) follow the n = 4N+2 (N is integer) rule when n > 6. Especially, the thermodynamic stabilities, chemically kinetic stabilities, photostabilities, and dynamic stabilities of cyclo-Cn (n = 10 and 14) were superior to those of the acknowledged cyclo-C18. In addition, the sequence of stabilities for cyclo-Cn (n = 10, 14, and 18) followed cyclo-C10 > cyclo-C14 > cyclo-C18. Thereby, it is conservative to theoretically predict that it is possible to synthesize and isolate cyclo-C10 and cyclo-C14 following the isolation of the first carbon ring cyclo-C18. Furthermore, besides the recent method to prepare and isolate cyclo-C18, there are also several considerable methods, including flash heating and laser vaporization, to prepare the precursors of cyclo-C18, oxide and metal complex,. [7] [8] [9] All of these methods can be good choices for trying to prepare cyclo-C10 and cyclo-C14. This prediction is consistent with the previous point that cyclo-C14 would be the first carbon ring, with extended Hückel calculations. [18] The geometries of cyclo-Cn (n = 10, 14 and 18)
The geometries of cyclo-Cn (n = 10, 14 and 18) are shown in Figure 4 , and their geometrical parameters, including bond lengths and bond angles, are listed in Table The natural bond orbital (NBO) results showed that the carbon atoms were sp hybridization in cyclo-Cn (n = 10, 14, and 18), thus each carbon atom had two perpendicular p orbitals. In addition, the nucleus-independent chemical shifts (NICS) of cyclo-Cn (n = 10, 14, and 18) are shown in Table 1 . Cyclo-C14 has the smallest NICS (-32.12) and NICS(1)_ZZ (-74.89) followed by cyclo-C10 with NICS (-29.45) and NICS(1)_ZZ (-57.71). Clearly, the aromaticity of cyclo-C14 is the largest, and the Table 1 The nucleus-independent chemical shifts for cyclo-Cn (10, 14, and 18) .
NICS a NICS(1)_ZZ b
cyclo-C18 -16.67 -40.98 cyclo-C14 -32.12 -74.89 cyclo-C10 -29.45 -57.71 a Based on the center of mass for rings; 32 b based on the π contribution to the out-of-plane zz tensor component. 33 aromaticity of cyclo-C18 is the smallest. It is well known that the aromaticity of molecule is related to molecular stability. [51, 52] Molecules with larger aromaticity hold higher stability. The results of aromaticity again confirmed that the stabilities of cyclo-C14 and cyclo-C10 were higher than that of cyclo-C18.
Based on the analysis of NBO and aromaticity of cyclo-Cn (n = 10, 14, and 18), it can be deduced that there were large delocalized π electrons on cyclo-Cn (n = 10, 14, and 18). Here, we studied the π systems of cyclo-Cn (n = 10, 14, and 18) with molecular orbitals and localized orbital locator (LOL) via Multiwfn. [53, 54] All of π orbitals of cyclo-Cn (n = 10, 14, and 18) are shown in Figure S3 -S5. As shown in Figure S3 -S5, all of the number of π orbitals is equal to the number of carbon atoms in cyclo-Cn (n = 10, 14, and 18). These π orbitals can be divided into two types, including in-plane and out-plane π orbitals because of two perpendicular p orbitals on each carbon atoms in cyclo-Cn (n = 10, 14, and 18).
In order to further insight into the π electrons, the localized molecular π orbitals Figure 5 The localized molecular orbitals for cyclo-C10 (a and a'), cyclo-C14 (b and b') and cyclo-C18 (c and c').
